. The effects of muscarinic stimulation on the membrane potential and current of in situ rat entorhinal-cortex layer-II principal neurons were analyzed using the whole cell, patch-clamp technique. In current-clamp experiments, application of carbachol (CCh) induced a slowly developing, prolonged depolarization initially accompanied by a slight decrease or no significant change in input resistance. By contrast, in a later phase of the depolarization input resistance appeared consistently increased. To elucidate the ionic bases of these effects, voltage-clamp experiments were then carried out. In recordings performed in nearly physiological ionic conditions at the holding potential of Ϫ60 mV, CCh application promoted the slow development of an inward current deflection consistently associated with a prominent increase in current noise. Similarly to voltage responses to CCh, this inward-current induction was abolished by the muscarinic antagonist, atropine. Current-voltage relationships derived by applying ramp voltage protocols during the different phases of the CCh-induced inward-current deflection revealed the early induction of an inward current that manifested a linear current/voltage relationship in the subthreshold range and the longer-lasting block of an outward K ϩ current. The latter current could be blocked by 1 mM extracellular Ba 2ϩ , which allowed us to study the CCh-induced inward current (I CCh ) in isolation. The extrapolated reversal potential of the isolated I CCh was Ϸ0 mV and was not modified by complete substitution of intrapipette K ϩ with Cs ϩ . Moreover, the extrapolated I CCh reversal shifted to approximately Ϫ20 mV on removal of 50% extracellular Na ϩ . These results are consistent with I CCh being a nonspecific cation current. Finally, noise analysis of I CCh returned an estimated conductance of the underlying channels of ϳ13.5 pS. We conclude that the depolarizing effect of muscarinic stimuli on entorhinal-cortex layer-II principal neurons depends on both the block of a K ϩ conductance and the activation of a "noisy" nonspecific cation current. We suggest that the membrane current fluctuations brought about by I CCh channel noise may facilitate the "theta" oscillatory dynamics of these neurons and enhance firing reliability and synchronization.
I N T R O D U C T I O N
It has long been established that the cholinergic system plays a fundamental role in cortical function. Enhanced cortical acetylcholine release leads to cortical activation characteristic of waking and rapid-eye-movement (REM) sleep (Casamenti et al. 1986; Celesia and Jasper 1966) and cholinergic mechanisms mediated through muscarinic receptors have been implicated in different modalities of cortical plasticity (Dykes 1997; Richardson and DeLong 1988; Shulz et al. 2000) and memory function (Hasselmo and Bower 1993; Y. Tang et al. 1997) . It is well known that, in most cases, muscarinic-receptor activation leads to direct depolarization of cortical principal neurons via the block of K ϩ conductances (Benardo and Prince 1982a; Charpak et al. 1990; Halliwell and Adams 1982; Krnjevic 1993; Madison et al. 1987; McCormick and Prince 1986) , and that the associated increase in excitability can be further enhanced by a inhibitory effect on Ca 2ϩ -dependent K ϩ currents (Cole and Nicoll 1984) . In addition, muscarinic depolarizing drive mediated by the activation of nonselective cationic conductances has also been shown in several cortical (Benson et al. 1988; Colino and Halliwell 1993; Guérineau et al. 1995; Haj-Dahmane and Andrade 1998; McQuiston and Madison 1999; Segal 1982) and subcortical (Egan and North 1985) neuronal populations. Furthermore, muscarinic actions can also have a variety of other effects on the functional properties of mammalian neurons, such as modulation of voltage-gated Ca 2ϩ currents (Allen and Brown 1993; Higashida et al. 1990; Mathie et al. 1992; Toselli and Taglietti 1995; Wanke et al. 1994 Wanke et al. , 1987 , regulation of glutamatergic responses and synaptic transmission (Harvey et al. 1993; Hasselmo and Schnell 1994; Marino et al. 1998; Markram and Segal 1992) , and changes in spike backpropagation through modulatory actions on dendritic conductances (Tsubokawa and Ross 1997) .
The entorhinal cortex (EC) in the parahippocampal region receives a profuse cholinergic innervation from the basal forebrain that terminates primarily in layers II and V (Alonso and Kohler 1984; Alonso and Amaral 1995) . During active states, the cholinergic system deeply influences the operations of the entorhinal-hippocampal network as reflected by the cholinergic-dependent emergence of population activities such as the "theta" rhythm, which, in EC, is largely generated by the layer II cells (Alonso and García-Austt 1987a) . These neurons funnel neocortical information into the hippocampus via the perforant path (Andersen et al. 1966; Schwartz and Coleman 1981) . Clarifying the actions of the cholinergic systems on EC layer-II neurons is thus fundamental for understanding the function(s) of the entorhinal-hippocampal network that is involved, at least, in the encoding of explicit memories (Scoville and Milner 1957; Squire 1998) .
In a previous current-clamp study, we showed that application of the cholinergic agonist carbachol (CCh) to EC layer-II neurons resulted in a slowly developing, prolonged depolarization that pharmacological analysis revealed to be mediated primarily (if not exclusively) by the M1 muscarinic receptor subtype (Klink and Alonso 1997b,c) . This muscarinic depolarization did not appear to be accompanied by an increase in membrane input resistance and was proposed to be caused by the activation of a nonspecific cation conductance (Klink and Alonso 1997c ). However, a detailed characterization of this muscarinic depolarizing action and its ionic bases and mechanisms of activation is still missing in this, as well as other, neuronal populations. In the present investigation, we further analyzed the ionic bases of the depolarization induced by muscarinic stimuli in EC layer-II principal neurons by applying the whole cell, patch-clamp technique to obtain current-and voltage-clamp recordings from the same neurons in rat EC slices.
M E T H O D S

Slice preparation
Brain slices were prepared from male Long-Evans rats (100 -250 g, i.e., 30 -60 days old) as previously described (Alonso and Klink 1993; Magistretti and Alonso 1999) . Briefly, animals were decapitated according to a procedure approved by the Animal Care Committee of the Montreal Neurological Institute and compliant with the Canadian laws on animal research, and the brain was rapidly removed from the cranium and placed in a cold (4°C) Ringer solution containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 2 MgSO 4 , 26 NaHCO 3 , and 10 glucose (pH 7.4 by saturation with 95% O 2 -5% CO 2 ). Horizontal slices of the retrohippocampal region were cut at 350 -400 m on a vibratome (series 1000, Pelco, Redding, CA), and then transferred to an incubation chamber in which they were kept submerged for Ն1 h period at room temperature (24°C) before starting the recording.
Patch-clamp, whole cell recordings
The recording chamber was mounted on the stage of an upright microscope (see following text). Slices were transferred, one at a time, to the chamber and perfused with one of the extracellular solutions described in Table 1 , according to the specific experimental purpose. Patch pipettes were fabricated from thick-wall borosilicate glass capillaries by means of a Sutter P-97 horizontal puller. The solutions used to fill the patch pipettes are also described in Table 1 . When filled with one of these solutions, the patch pipettes had a resistance of 3-5 M⍀. Slices were observed with an Axioskop microscope (Zeiss, Oberkochen, FRG) equipped with a ϫ40 water-immersion objective lens and differential-contrast optics. A near-infrared charge-coupled device (CCD) camera (Sony XC-75) was also connected to the microscope and used to improve cell visualization for identification of neuron types and during the approaching and patching procedures. With this equipment, the principal cells of EC layer II were easily distinguished based on their somato-dendritic shape, size, and position (Dickson et al. 2000; Klink and Alonso 1997a) . Patch pipettes were brought in close proximity to the selected neurons while manually applying positive pressure inside the pipette. Tight seals (Ͼ10 G⍀) and the whole cell configuration were obtained by suction (Hamill et al. 1981) . Series resistance (R s ), as estimated on-line by canceling the fast component of whole cell capacitive transients evoked by Ϫ10-mV voltage steps with the amplifier compensation section (with the low-pass filter set at 10 kHz), and reading out the corresponding value, was on average approximately 16 -18 M⍀. R s was always compensated by ϳ40% with the amplifier's built-in compensation section. Current-and voltage-clamp recordings were performed at room temperature (ϳ24°C) using an Axopatch 1D amplifier (Axon Instruments, Foster City, CA). The low-pass filter (Ϫ3 dB) was set at 5 kHz. In voltage-clamp recordings, the general holding potential was Ϫ60 mV.
CCh application and chemicals
Muscarinic responses were evoked with CCh delivered to the recorded cells by either bath perfusion or local pressure application, always at a holding potential of Ϫ60 mV. In the case of local application, a Picospritzer II (General Valve, Fairfield, NJ) was employed. The outlet of the Picospritzer was connected, via a nylon-wall tubing and a teflon holder, to the inside of a patch pipette (diameter at the tip Ϸ5 m) filled with an osmotically balanced solution containing 100 mM CCh. The tip of the CCh-containing pipette was posi- . All extracellular solutions were also added with the synaptic blockers, kynurenic acid (1 mM) and picrotoxin (100 M), the nicotinic-receptor antagonists, mecamylamine (10 M) and ␣-bungarotoxin (100 nM), and 300 nM tetrodotoxin. The pH of extracellular solutions was maintained at 7.4 by continuous bubbling with 95% O 2 -5% CO 2 . All intracellular solutions were added with 2 mM adenosine 5Ј-triphosphate (ATP) and 0.4 mM guanosine 5Ј-triphosphate (GTP). tioned, under microscopic control, just above the slice surface in close proximity to the recording electrode. Pressure application was triggered manually, and its duration was normally set at 7-15 s.
All chemicals and reagents, including those listed in Table 1 and CCh, were purchased from Sigma (St. Louis, MO) except tetrodotoxin, which was purchased from Alomone Labs (Jerusalem, Israel).
Data acquisition
All recordings were stored on VHS tape by PCL coding using a Neurocorder converter (Neurodata, New York, NY). In voltage-clamp experiments, voltage protocols were commanded and current signals were acquired with a Pentium PC interfaced to an Axon DigiData 1200 interface, using the Clampex program of the pClamp software (V8.0, Axon Instruments). Ramp voltage protocols consisted of 30-or 10-s linear depolarizations from Ϫ100 to Ϫ40 or Ϫ30 mV, always preceded by a 2-s fixed step at Ϫ100 mV. Data stored on VHS tape was digitized and plotted off-line by sampling at 10 kHz using the AxoScope or software (Axon Instruments).
Data analysis
Whole cell recordings were analyzed by means of the Clampfit program of the pClamp software (Axon Instruments). Linear regressions as well as fittings with nonlinear functions were performed using Origin 6.0 (MicroCal Software, Northampton, MA). Linear fitting for the estimation of the reversal potential of the CCh-induced cation current was always done for the voltage range of Ϫ100 to Ϫ60 mV. High-pass filtering of current traces and variance calculations were conducted using Clampfit or Origin.
For variance analysis, current traces recorded during CCh responses were partitioned into 500-ms consecutive segments, over each of which average current amplitude (I mean ) and current variance ( I 2 ) values were calculated. I 2 values were then plotted as a function of I mean , and the resulting plots were fitted with the theoretical parabolic function (Sigworth 1980)
where i is the single-channel current amplitude, N is the total number of channels, and I 2 base is the current variance due to background noise. The preceding equation holds under the assumption that the current under study is generated by a functionally homogeneous population of channels in which the probability of observing a given number of channels open at any time point can be described according to a binomial distribution (Anderson and Stevens 1973; Hille 1992) .
For spectral analysis, two 4-s trace stretches corresponding to baseline and peak I CCh response, each of which could be considered as stationary with respect to average current level over time, were selected for each of the CCh responses analyzed. Spectral (Fourier) analysis of current fluctuations was carried out using Clampfit. Binned power density values relevant to baseline were subtracted from those derived from the CCh response, and a power density spectrum was then constructed for each cell analyzed. Power spectra were fitted with single Lorentzian functions in the form
where f is frequency, and f c , the corner frequency of the function, equals (1/ o ϩ 1/ c )/2, o and c being the channel mean open and closed times, respectively. Under the assumption of a low channelopening probability, the quantity ϭ 1/2f c thus provides an approximation to o . Average values were expressed as means Ϯ SE. Statistical significance was evaluated by means of the two-tail Student's t-test for unpaired data.
R E S U L T S
Muscarinic stimulation induces prolonged depolarizations associated with composite effects on membrane resistance
Current-clamp experiments on the voltage responses induced by muscarinic stimulation in EC principal neurons were first carried out. In these recordings, tetrodotoxin (TTX; 1 M) and Cs ϩ (2-4 mM) were added to the extracellular solution to block voltage events dependent, respectively, on voltage-gated Na ϩ currents and the hyperpolarization-activated cation current, I h (Dickson et al. 2000) . The extra-and intracellular solutions used were solutions A o and A i , respectively (see Table  1 ). Under these conditions, bath application of CCh (30 -100 M) resulted in the development of a slow, long-lasting depolarization, as in the case illustrated in Fig. 1A . This depolarization could be above-threshold for the elicitation of transient regenerative potentials, probably Ca 2ϩ spikes (Fig. 1A , arrows). No detectable depolarization was evoked by CCh in the presence of the muscarinic antagonist, atropine (1 M; n ϭ 3). The initial, rising phase of CCh-dependent depolarization (Fig.  1B) was accompanied by either a slight decrease or no significant change in input resistance as monitored by measuring the amplitude of the voltage deflections induced by repetitively applied small hyperpolarizing current pulses (Fig. 1D) . By contrast, during later phases of CCh-induced depolarization (Fig. 1C ) a sustained increase in input resistance was consistently observed (Fig. 1D) . Very similar results were obtained from nine other neurons. These findings prompted the working hypothesis that the depolarization evoked by muscarinic stimulation in the neurons under study depends on both the activation of a conductance responsible for an inward current, and the block of a conductance responsible for an outward current, the latter effect being more persistent than the former and prevalent during late phases.
Muscarinic stimulation causes transient activation of an inward current and persistent block of an outward K ϩ current
To directly clarify the nature of the ionic conductance(s) implied in the depolarizing action of CCh, voltage-clamp experiments were then undertaken. We first tested the effects of bath-applied CCh (30 -100 M for 30 -120 s) using an intrapipette solution containing K ϩ (gluconate salt) as the main cation, as well as 10 mM EGTA to provide a relatively high intracellular Ca 2ϩ -buffering capacity (intracellular solution A i ). The extracellular recording solution (solution A o ) was always added with 1 M TTX and 2-4 mM Cs ϩ (see preceding text) as well as mecamylamine (10 M) and ␣-bungarotoxin (100 nM) to block possible nicotinic responses arising on CCh application. As in the case illustrated in Fig. 2 , cells were always held at Ϫ60 mV and, to explore current-voltage (I-V) relationships, slow voltage-ramp protocols (see METHODS) were applied prior to CCh, at the peak of the CCh response, and during recovery (A). In all neurons tested in this manner (n ϭ 8), CCh always induced an inward current that, after reaching a peak in 122.5 Ϯ 27.6 s, slowly decayed toward the baseline during washout. The peak amplitude of this inward current deflection averaged Ϫ114.3 Ϯ 19.9 pA. Bath application of CCh in the presence of atropine (1 M; n ϭ 4) or the M1 antagonist pirenzipine (1 M; n ϭ 4) never resulted in any significant change in holding current.
As shown in B, at the peak of the current response induced by CCh the I-V relationship always displayed an inward shift with respect to the control I-V over the entire voltage range explored (Ϫ100 to Ϫ40/Ϫ30 mV). This indicates that, at its maximum, the CCh-induced current inward deflection cannot be primarily attributed to the block of a K ϩ conductance but rather arises from the activation of an inward current. Indeed, note (A) that the development of the CCh response was also associated with an evident increase in current noise indicative of the opening of previously silent ion channels during the response (this aspect will be treated in detail in the following text; see Fig. 6 ).
In addition, however, we also noticed that, despite the transient nature of the current response to CCh, the control current level was never fully recovered on washout (see Fig. 2A ), even after waiting for tens of minutes. Rather an apparent, residual "background" inward current remained persistently induced (*). The inward current deflection persisting after 20 min from the peak averaged 14.5 Ϯ 2.4 pA (n ϭ 5), namely ϳ12.7% of the peak amplitude. Moreover in contrast with I-V protocols applied at the peak of the CCh response, washout I-Vs did display a decrease in slope conductance with respect to control I-Vs (Fig. 2B ). These observations indicate that the response to CCh observed at Ϫ60 mV is actually the result of a mixed action that includes, in addition to the transient activation of an inward current, the long-lasting block of an outward current, presumably carried by K ] o (ϩ17.7 mV). We took advantage of the rather persistent character of the K ϩ -conductance block in response to a first application of CCh in a first attempt to extract the real inward current resulting from CCh-induced activation of ion conductance(s) and to examine, during a second CCh application, its I-V relationship in relative isolation. Note in Fig. 2C that, in the case of a second CCh application, control (trace 3; washout from the 1st application) and washout (trace 4) I-Vs did display a good overlap, thus suggesting that second applications did not cause any further K ϩ -conductance block. Subtraction of the control I-V from the CCh I-V (Fig. 2E) revealed that the CCh-activated FIG. 1. Effects of carbachol (CCh) stimulation on membrane potential and input resistance of entorhinal cortex (EC) layer-II principal neurons. A: current-clamp recording in a representative neuron (cell 9732000). The recording solutions used were solutions A o and A i (see Table 1 ). A, 1 and 2, illustrates the voltage recording and the current command, respectively. During and after the application of CCh (40 M) by bath superfusion (horizontal bar), a slow membrane depolarization was produced. The depolarization eventually reached the threshold for the generation of Ca 2ϩ spikes (arrows) that were terminated by negative steady-current injection (A2). B and C: the trace stretches delimited by the left (for B) and right (for C) boxes in A are shown over an expanded time scale (here again, 1 and 2 illustrate the voltage recording and the current command, respectively). Note the negative current square pulses (B2 and C2) repetitively delivered to monitor the input resistance. D: the current deflections elicited by 3 identical hyperpolarizing current steps during 3 different phases of the recording: control conditions (1: see B1), early CCh-dependent depolarization (2: see B1), late CCh-dependent depolarization (3: see C1).
inward current decreased linearly with voltage in the range from Ϫ100 to about Ϫ60/Ϫ50 mV and displayed an extrapolated reversal potential of Ϫ16.8 mV; this is consistent with this current being mediated by a nonspecific cation conductance (see following text). Similar results were obtained in the two other cells in which the same protocol was applied.
In further experiments, 1 mM Ba 2ϩ , a cation known to block leak and inward rectifying K ϩ conductances, was added to the recording solution (extracellular solution B o ) in the attempt to exclude the K ϩ conductance(s) negatively modulated by CCh and thereby isolate the CCh-induced inward current presumably resulting from the activation of a nonspecific cation conductance. As in the case shown in Fig. 3A , application of CCh in the presence of extracellular Ba 2ϩ always resulted in the induction of an inward current that washed out almost completely. In these conditions, the inward current peak amplitude averaged Ϫ71.4 Ϯ 15.7 pA (n ϭ 5), whereas the current persisting at approximately 15 min after the peak averaged FIG. 2. Depolarizing current response to CCh stimulation comprises activation and block of 2 different current components. A: voltage-clamp recording in a representative neuron (cell 98010502) in the presence of K ϩ as the main intracellular cation and 10 mM intrapipette EGTA (recording solutions: A o and A i ). CCh was delivered by bath superfusion during the periods marked (ᮀ). The 2nd CCh application started ϳ23 min after the 1st one. Before and during the CCh responses, slow depolarizing voltage ramps (see METHODS) were commanded (A2). Note that, after the 1st CCh application, a sustained inward current deflection remained persistently induced (*) even after as long as ϳ22 min of washout. B and C: the currents recorded in response to ramp protocols 1-5 of A, plotted as a function of ramp voltage. Note in B that, after CCh washout, a current component that was outward at Ϫ60 mV was inhibited with respect to control conditions, thus causing a decrease in the slope conductance of the I-V plot (compare 1 and 3). D: the I-V relationship of the current obtained by subtracting ramp current 1 (control) from ramp current 3 (washout). Current reversal was at about Ϫ77 mV. E: the I-V relationship of the current obtained by subtracting ramp current 4 (CCh, 2nd application) from ramp current 3 (washout from the 1st application). The straight line is the linear regression to data points, which returned an extrapolated reversal potential of Ϫ16.3 mV.
Ϫ3.7 Ϯ 2.3 pA, namely 5.8 Ϯ 3.8% of the peak (n ϭ 5). The I-V relationship under CCh displayed the typical inward shift with respect to the control I-V (B), and the CCh-induced inward current obtained by subtraction always decreased linearly with voltage in the range between Ϫ100 and about Ϫ60 mV (C). Application of voltage ramps after CCh-inducedcurrent washout revealed no sign of further decrease in slope conductance nor of sustained block of an outward (K ϩ ) current (not shown). Because 1 mM extracellular Ba 2ϩ proved efficient in blocking CCh-inhibited K ϩ current, thereby isolating the inward current activated by CCh, this cation was always used at the same concentration in all of the experiments conducted in intracellular K ϩ described from this point on.
CCh-activated inward current is a nonspecific cation current
The ionic nature of the inward current activated by CCh (I CCh ) was further investigated by analyzing its reversal potential in recordings carried out with K ϩ as the main intracellular cation. These experiments were performed in the presence of either 10 mM EGTA (such as those illustrated so far; n ϭ 3) or 0.5 mM EGTA (n ϭ 5) in the intrapipette solution (intracellular solutions A i and B i ) because the I-V relationship of I CCh , as examined by means of slow depolarizing ramps and isolated by subtraction, behaved very similarly in the two conditions. The current's reversal potential, derived by extrapolating to I ϭ 0 the linear fitting of the I-V relationship in its negative voltage range (about Ϫ100/Ϫ60 mV) and estimated by pooling the high-and low-EGTA data together, averaged ϩ0.2 Ϯ 4.5 mV (n ϭ 8). As mentioned in the preceding text, this estimated reversal potential is consistent with I CCh being mediated by a nonspecific cation conductance. The estimation of the reversal potential was made, however, on the assumption that the slope conductance remained constant over the voltage range of extrapolation.
We then examined the effects on I CCh of substituting K , in all cells tested in these conditions (n ϭ 23), CCh applications resulted in the development of a slow inward current accompanied by an evident increase in membrane current noise (see Fig. 4A ). The I-V relation of the CCh-induced inward current was also derived from slow depolarizing ramp protocols, by means of the usual subtraction procedure. Here again, current amplitude was found to always decay linearly with increasingly positive volt- ages in a range between Ϫ100 and about Ϫ50 mV (Fig. 4B) . Linear fittings returned an average extrapolated reversal potential of Ϫ0.1 Ϯ 3.1 mV (n ϭ 15), a value not significantly different from that observed in neurons recorded with K ϩ as the main intracellular cation. These data further indicate that I CCh is mediated by a nonspecific cation conductance and suggest that it has similar permeabilities for K ϩ and Cs ϩ . Therefore from this point on, we will refer to this non-specific cation current dependent on muscarinic-receptor activation as I NCM .
To determine whether under normal extracellular ionic conditions, a substantial part of the inward I NCM is carried by Na ϩ , we performed experiments in which half of the extracellular Na ϩ was substituted with equimolar N-methyl-D-glucamine (extracellular solution C o ) in the presence of Cs ϩ as the main intracellular cation (intracellular solution C i or D i ). Application of CCh in these conditions (Fig. 5 ) evoked an inward current whose extrapolated reversal potential averaged Ϫ21.0 Ϯ 2.5 mV (n ϭ 7). This represents a reversal shift, with respect to recordings carried out in normal extracellular Na ϩ , of Ϫ21.1 mV thus confirming that I NCM is substantially carried by Na ϩ .
Fluctuation analysis of I NCM
We then approached the identification of the channels mediating I NCM by taking advantage of the prominent increase in current noise associated with I NCM activation (see for instance Figs. 2-4). In 11 neurons recorded with intrapipette Cs ϩ methanesulphonate, current recordings were performed at a high gain, filtered at 5 kHz, and digitized at 10 kHz. The extracellular recording solution also contained glutamatergic and GABAergic antagonists (see Table 1 , legend) to avoid potential contamination by miniature synaptic events. Highpass filtering of individual CCh responses eliminated the DC component as well as the slow current deflections and revealed an increase in high-frequency current fluctuations that closely followed the slow time course of the responses (Fig. 6A, top  trace) . This increase in current noise reflects the stochastic gating of the underlying channels (Hille 1992). To evaluate the unitary properties of these channels, we applied the methods of fluctuation analysis (Anderson and Stevens 1973) to I NCM responses. For this purpose, I NCM traces were partitioned into 500-ms intervals, during which the changes in mean current level over time were negligible (Fig. 6A, bottom expanded  traces) , and in each trace segment thus obtained current vari- 
ance ( I
2 ) and mean current amplitude (I mean ) were measured. Plots of I 2 as a function of I mean were then constructed (Fig.  6B) . Assuming that the macroscopic current is generated by the superimposition of identical, independent channel openings that have a single conductive state, the relationship between I 2 and I mean can be described by the parabolic function given by Eq. 1 (see METHODS). Note in the exemplary case illustrated in Fig. 6 how the I 2 (I mean ) plot was basically linear for small FIG. 6. Fluctuation analysis of CCh-induced current. A: current response to CCh application in a representative neuron (cell 0050904) recorded in intracellular Cs ϩ (recording solutions: A o and D i ). CCh was delivered by pressure application (10 s), and no voltage protocols were commanded during the CCh response. Bottom: the original current response; top: the same current low-pass filtered at 3 Hz to highlight the increase in high-frequency current noise associated with I CCh activation. Three exemplary 500-ms segments of the original current trace, corresponding to control conditions, I CCh onset, and I CCh peak, are also shown over an expanded time scale in the bottom part of the panel. B: plot of current variance ( I 2 ) as a function of mean current amplitude (I mean ) for the I CCh response shown in A. Every pair of I 2 and I mean values was derived from 500-ms trace stretches, such as those shown in the A, bottom, into which the original current recording was partitioned. -, the best parabolic fitting to data points, conducted on the basis of Eq. 1 (see text). Fitting parameters were i ϭ 0.98 pA, n ϭ 3996, and I 2 base ϭ 37.8 pA 2 . C: power density spectrum of I CCh fluctuations, derived from the CCh response shown in A. The Fourier analysis was conducted on the 2 5-s current segments (baseline and CCh) shown in the inset (see the METHODS for details). The continuous line is the best fitting to data points obtained using a single Lorentzian function (Eq. 2), which returned a corner frequency of 34.6 Hz. I NCM amplitudes but then deviated from linearity as current amplitude approached its maximum value. Fitting the plot of Fig. 6B with Eq. 1 yielded an estimate of i of 0.98 pA and an N of 3996. A satisfactory parabolic fitting was obtained in most (n ϭ 9) cells analyzed. On average, the single-channel current amplitude at the holding potential of Ϫ60 mV was 0.81 Ϯ 0.13 pA, which, given an average I NCM reversal potential of Ϫ0.1 mV (see preceding text), corresponds to a single-channel conductance of 13.5 pS.
The temporal characteristics of the I NCM channel openings were also examined by spectral density analysis of I NCM current fluctuations (Anderson and Stevens 1973) . The power density spectrum derived from the recording illustrated in Fig.  6A is depicted in D. Fitting of data points with a single Lorentzian function (Eq. 2) returned a corner frequency of 34.6 Hz, corresponding, under the assumption of a low channelopening probability (see METHODS) , to a mean open time ( o ) of 4.69 ms. In nine neurons, the average, estimated channel o was 6.63 Ϯ 1.11 ms.
Lack of dependence of basal I NCM induction on [Ca 2ϩ ] i
As already mentioned, CCh responses could always be induced with an intracellular solution containing a high concentration (10 mM) of the Ca 2ϩ -chelating agent, EGTA, thus suggesting that the induction of I NCM may not be dependent on a rise in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ). To further test this possibility, we also performed experiments using a (4). C: the currents recorded in response to the ramp protocols labeled 1 and 2 in A. Inset: a detail of the current traces after the end of the ramp depolarization (every division of the x axis is 1 s). ---, the amplitude level of the CCh-induced current prior to ramp 2 application. D: the current obtained by subtracting control ramp current from CCh ramp current (currents 1 and 2 in C, respectively) as a function of ramp voltage. The straight line is the linear regression to data points, which returned an extrapolated reversal potential of Ϫ11.4 mV.
EGTA, but not 10 mM EGTA or BAPTA, the depolarizing ramp protocols applied during the CCh response were always followed by the immediate development of prominent, transient extra inward currents that turned off in some seconds (Fig. 7, B, 4 , and 7C, inset) and had therefore the appearance of slowly decaying tail currents. On average, the maximal amplitude (I peak ) of these postramp currents (measured after subtracting the current baseline) was 2.60 Ϯ 0.47 times that of the preramp current level (I pre ), and the half time of their decay, measured as the time interval between I peak and a current level equal to (I pre ϩ I peak )/2, was 4.9 Ϯ 1.4 s (n ϭ 8). The slow, tail-like currents were also accompanied by an evident increase in current noise indicative of an increased channel activity (see Fig. 7C, inset) . The appearance of these postramp, slow "tails" was strictly dependent on muscarinic stimulation because no similar currents developed following depolarizing ramp protocols in the absence of CCh application (see Fig. 7A ).
Moreover, in the presence of Cs ϩ (methanesulphonate salt), but not K ϩ , as the main intracellular cation, and 0.5 mM EGTA, ramp-triggered tail-like currents were always followed by a quick fall of I NCM amplitude to levels marked lower to the preramp ones. The cell illustrated in Fig. 8 , A-D, provides a typical example of the ramp-triggered sequence comprising tail-like-current induction and I NCM downregulation. A voltage ramp applied at the peak of the CCh response was followed by an inward tail-like current (Fig. 8C) that decayed back to the preramp current level (---) in ϳ3-15 s. Additionally, however, this decay phase continued in a further, profound, relatively brisk decrease of the current level as compared with the preramp I NCM amplitude (---in A and B) . This I NCM downregulation was accompanied by a marked reduction of current noise (Fig. 8B, bottom) , indicative of a decrease of the underlying channel activity. Additional ramp protocols applied after the I NCM downregulation caused by the first ramp resulted in further degrees of I NCM decrease, up to basically the control (pre-CCh) level (Fig. 8A) . Results very similar to those described for this neuron were obtained in eight other cells.
The preceding findings show that prominent changes in muscarinic-receptor-dependent inward-current induction can be caused by depolarizing stimuli provided [Ca 2ϩ ] i is not potently buffered to nearly zero. This strongly suggests that both phenomena (tail-like current elicitation and I NCM downregulation) observed in the presence of 0.5 mM EGTA intracellular after the application of depolarizing ramps, depend on transient increases in [Ca 2ϩ ] i due to the voltage-dependent Ca 2ϩ entry elicited by the depolarization itself. Hence, whereas [Ca 2ϩ ] i is not a primary factor in the mechanisms underlying basal I NCM activation, it does appear to have a role in modulating muscarinic-receptor-dependent depolarizing current(s) FIG. 8. Sequential postramp potentiation and downregulation of CCh-induced inward current in intracellular Cs ϩ . A: voltage-clamp recording in a representative neuron (cell 0042601) in the presence of 0.5 mM intrapipette EGTA (recording solutions: C i and B o ). CCh was delivered by pressure application (8 s). Note the 4 ramp protocols applied before and during the CCh response. B: detail of the trace stretch delimited by the box in A. Top: the unfiltered current; bottom: the high-pass filtered trace (cutoff frequency: 3 Hz) which highlights the noise modifications associated with the current response. C: detail of the delimited postramp current (⅐ ⅐ ⅐) in B. The postramp current in control conditions is also shown for comparison. ---, the current level corresponding to the preramp current amplitude. D: the I-V relationship of CCh-induced currents obtained by subtraction of ramp currents. The straight line is the linear regression to data points, which returned an extrapolated reversal potential of ϩ6.6 mV.
in a dual way. This concept will be further developed in the DISCUSSION.
D I S C U S S I O N
The results of the present study demonstrate that in EC layer-II principal neurons the activation of muscarinic receptors causes depolarization via both the block of a K ϩ conductance and, very significantly, the activation of a nonselective cation current (I NCM ), which displays a linear steady-state I-V relationship in a subthreshold range of membrane voltages (Ϫ100 to Ϫ50 mV). Importantly, taking advantage of the good signal-to-noise ratio allowed by the patch technique in our experimental conditions, we were able to implement fluctuation analysis of I NCM and estimated that the cation channels underlying this current have a single-channel conductance of ϳ13.5 pS. Finally, we found evidence that activation of I NCM per se may not require rises in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) because the current could be induced in the presence of 10 mM EGTA or BAPTA.
Mechanisms underlying muscarinic depolarization of EC layer-II neurons and basic properties of I NCM
The possibility that in EC layer-II neurons the depolarization promoted by muscarinic stimuli results from a combined action consisting in opening and closing of distinct populations of ion channels emerged from our initial current-clamp observations. These revealed that the CCh-induced depolarization includes an initial phase associated with a decrease or no detectable changes in input resistance and a later phase accompanied by an apparent increase in input resistance. The dual nature of the CCh-dependent depolarizing response was confirmed by further voltage-clamp analysis. Indeed in the absence of K ϩ -channel blockers CCh evoked a slowly developing inward current that at its peak displayed no apparent reversal over the entire voltage range explored (Ϫ100 to Ϫ30 mV). By contrast, during the late decay phase of the CCh-induced inward current deflection the total I-V plot crossed the plot obtained under control conditions in a manner entirely consistent with the block of a relatively linear K ϩ conductance. In addition, we found that during extracellular application of Ba 2ϩ , known to block several K ϩ conductances, CCh evoked an inward current that always decreased linearly with voltage in the range from Ϫ100 to Ϫ60/Ϫ50 mV and displayed an extrapolated reversal potential at ϳ0 mV. This value was obtained, however, under the assumption that the slope conductance of the current under study remained constant over the voltage range of extrapolation. Our data demonstrated, nevertheless, that in EC layer-II neurons muscarinic depolarization is caused by the combined activation of a nonspecific cation current (I NCM ) and the slow, long-lasting block of a Ba 2ϩ -sensitive K ϩ -conductance. Consistently with the nonspecific nature of the cation channels underlying I NCM , the reversal potential of the same current was not changed by complete substitution of intracellular K ϩ with Cs ϩ . I NCM reversal shifted in the negative direction when the extracellular Na ϩ concentration was lowered, thus indicating that Na ϩ is a main charge carrier for this current. Perhaps the strongest piece of evidence that the activation of channels generating an inward current is a mechanism implied in the depolarizing effect of muscarinic stimulation in EC neurons came from our fluctuation analysis, which clearly demonstrated an increase in channel activity during the CCh-induced depolarizing current response. Noise analysis techniques have been previously satisfactorily applied to in situ central neurons for the study of the channels underlying the slow afterhyperpolarization present in hippocampal pyramidal neurons (Sah and Isaacson 1995) and dentate granule cells (Valiante et al. 1997) . Our data provided an estimate for the single-channel conductance of I NCM channels of ϳ13.5 pS. Clearly, this estimate could simply provide a lower limit for the actual value if the channels were mainly localized at electrotonically distal regions of the dendritic arbor (Valiante et al. 1997) .
The activation of the here-described I NCM on muscarinic stimulation appeared independent of [Ca 2ϩ ] i elevations because I NCM responses of similar amplitude were evoked in the presence of both low and high [Ca 2ϩ ] i buffering capacities. Nonetheless, low intracellular levels of [Ca 2ϩ ] i chelators revealed prominent changes in muscarinic-receptor-dependent inward current secondarily to the application of depolarizing ramps. Prominent postramp transient, extra inward currents ("tail-like currents") were consistently observed under these conditions. In addition, in the presence of Cs ϩ as the main intracellular cation, tail-like currents were followed by a marked depression of I NCM amplitude and channel noise. Since ramp-triggered inward tail-like currents were abolished by high [Ca 2ϩ ] i buffering capacities, it seems likely that these currents were induced by transient increases in [Ca 2ϩ ] i due to the voltage-dependent Ca 2ϩ entry elicited by the depolarization itself. Moreover, the fact that ramp depolarizations also induced a marked I NCM downregulation when Cs ϩ was included in the patch pipette to block K ϩ conductances (which is likely to further enhance voltage-dependent Ca 2ϩ influx in intact neurons) suggests that this phenomenon is also Ca 2ϩ -dependent and that it may require [Ca 2ϩ ] i to reach higher levels than those leading to activation of extra inward currents. It appears, therefore that muscarinic-receptor-dependent induction of depolarizing current(s) may be substantially affected by Ca 2ϩ -dependent modulatory processes, in the sense of both up-and downregulation. Ca 2ϩ -sensitive inactivation and/or facilitation is a phenomenon well known to occur in a variety of cationic channels, including voltage-activated Ca 2ϩ channels (Gutnick et al. 1989; Zuhlke et al. 1999 ), N-methyl-D-aspartate receptors (Legendre et al. 1993 , cyclic nucleotide-activated cation channels (Zufall et al. 1991) , and the trp family of channels (Hardie and Minke 1994; Ranganathan et al. 1991) . Interactions between physiological processes involving positive and negative feed-back mechanisms allow physiological signals to exhibit emergent properties, most notably bistability and oscillation. It is therefore conceivable that a Ca 2ϩ -dependent up-and downregulation of I NCM could be at the basis of the plateau potentials and bursting activities that emerge in EC layer-II neurons under muscarinic modulation (Klink and Alonso 1997b,c) . The bases and mechanisms of Ca 2ϩ -dependent modulatory processes affecting of I NCM , as well as the functional implications of such processes in firing pattern generation, are currently under study.
Possible functional correlates of I NCM in the CNS
Whereas the ability of muscarinic-receptor activation to depolarize central neurons through the block of K ϩ conduc-tances is a well established observation (Benardo and Prince 1982b; Brown et al. 1997; Krnjevic 1993; Madison et al. 1987) , less is known with regard to the activation of cation currents as a mechanism of muscarinic action in neurons. Muscarinic stimuli are known to cause membrane depolarization via the activation a nonspecific cation current in nonneural excitable tissues (Benham et al. 1985; Inoue et al. 1987) . There is also previous evidence that in hippocampal pyramidal cells (Benson et al. 1988; Guérineau et al. 1995; Segal 1982) and interneurons (McQuiston and Madison 1999) and in locus coeruleus neurons (Shen and North 1992) muscarinic-receptor-dependent membrane depolarization results from both block of a K ϩ conductance and activation of a cation conductance. Recently, Haj-Dahmane and Andrade (1996) have also demonstrated muscarinic activation of a nonselective cation current in rat prefrontalcortex neurons, where muscarinic depolarization appeared to be entirely K ϩ -conductance independent. A major feature of the muscarinic-receptor-induced cation current in prefrontal-cortex cells was found to be a very pronounced outward rectification at potentials negative to about Ϫ40 mV, which could account for the apparent increase in input resistance that accompanies muscarinic depolarization in the same neurons. This was clearly not the case for the I NCM of EC neurons described here, which, over the same voltage window, displayed a nearly ohmic behavior. This and other differences could imply that multiple, functionally different types of cation channels operated or modulated by muscarinic receptors exist in central neurons (Guérineau et al. 1995) .
A striking feature of I NCM was its "noisy" character. This property has not been described for muscarinic activated nonspecific cation currents in prefrontal cortex (Haj-Dahmane and Andrade 1996) or other central neurons (Guéri-neau et al. 1995; Shen and North 1992) and, again, this may suggests different muscarinic-receptor-activated cation currents in different brain neurons. More importantly, the association of muscarinic depolarization to the induction of membrane-current fluctuations may have important functional implications. It is well known that channel noise can deeply affect the dynamics of neurons (recently reviewed by White et al. 2000) . Modeling studies have shown, for example, that in EC layer-II neurons channel noise increases excitability and enhances the resonance of these cells to periodic signals such as "theta" oscillations (White et al. 1998) . Indeed, muscarinic activation facilitates the emergence of intrinsic "theta" oscillations by the EC layer-II cells as shown in vitro (Klink and Alonso 1997b) and contributes to the induction of EC "theta" rhythm in vivo (Alonso and García-Austt 1987b; Mitchell et al. 1982) . Significantly, it has also been shown that additive noise can increase responsiveness, influence spike timing reliability and improve signal detection (Douglass et al. 1993; Ho and Destexhe 2000; Hunter et al. 1998; Levin and Miller 1996; Mainen and Sejnowski 1995; Tang et al. 1997a) . Similarly to what has been proposed for "persistent" Na ϩ -channel noise in EC layer-II neurons (White et al. 1998) , the membrane fluctuations caused by I NCM activation might play a role, through a resonance phenomenon, in facilitating oscillatory dynamics and/or spike timing reliability, thereby influencing the learning and memory functions of EC.
Group-I metabotropic glutamate receptors (mGluR) have also been shown to cause membrane depolarization in hippocampal pyramidal cells by eliciting a nonselective cation current (Congar et al. 1997) . This current was found to depend on [Ca 2ϩ ] i rises for its activation and therefore is probably related to the family of Ca 2ϩ -activated nonselective cation currents referred to as I CAN (Colquhoun et al. 1981; Partridge et al. 1994) . In EC neurons, we found, however, that the development of I NCM was not significantly affected by intracellular Ca 2ϩ buffering with BAPTA (10 mM) thus questioning its possible relationship with I CAN . A similar observation was made with respect to the nonselective cationic conductance activated by metabotropic glutamate and muscarinic agonists in CA3 pyramidal cells in organotipic slice cultures (Guérineau et al. 1995) .
What molecular substrates for I NCM ?
As mentioned in the preceding text, in visceral smooth muscle, activation of muscarinic receptors is also known to cause membrane depolarization via the induction of a nonspecific cation current (frequently referred to as I CAT ) that has been thoroughly characterized (Benham et al. 1985; Inoue et al. 1987; see Kuriyama et al. 1998 for recent review). In contrast to the current described here, the amplitude of which was found to depend linearly on voltage over a wide range of membrane potentials, I CAT displays a characteristic U-shaped, outward-rectifying I-V relationship in a negative voltage range (Inoue and Isenberg 1990a). Nevertheless, I CAT also shows some clear analogies with the I NCM present in EC neurons. The reported conductance of I CAT channels, derived from single-channel recordings, is 20 -25 pS (Benham et al. 1985; Inoue et al. 1987 ), a value not far from our estimation for I NCM channels. I CAT is Ca 2ϩ -sensitive (Inoue and Isenberg 1990b; Kim et al. 1998; Pacaud and Bolton 1991) , which is also the case for I NCM that, although insensitive to 10 mM intracellular EGTA or BAPTA for its basal induction by muscarinic stimuli, appears to be up-and downregulated by Ca 2ϩ influx. It has been suggested that I CAT may belong to the trp family of cation channels (Walker et al. 2001; Zholos et al. 2000) . Seven mammalian homologs (TRPC1-7) of the Drosophila trp and trpl genes have been identified (see for recent review) and some of them are widely expressed in brain tissue, including the cortex (Mizuno et al. 1999) . Whereas some TRP channels (TRPC1, -4, -5) are mainly permeable to Ca 2ϩ and activated by Ca 2ϩ -store depletion (Philipp et al. 1996 (Philipp et al. , 1998 Zitt et al. 1996) , others, such as TRPC6, have been shown to mediate a muscarinicreceptor-activated, nonselective cation conductance (Boulay et al. 1997) . Conductances resulting from the TRPC6 gene can be activated by receptors coupled to G proteins of the G q class through signaling pathways independent of Ca 2ϩ -store depletion (Boulay et al. 1997; Hofmann et al. 1999; Zhang and Saffen 2001) . The following analogies between TRPC6 (and TRPC6-like gene products) and I NCM channels thus emerge: both might be related to I CAT ; both give rise to nonselective cation currents that behave linearly over voltage (Boulay et al. 1997; Okada et al. 1999) ; and both are likely to depend on G proteins of the G q class for activation because I NCM is known to be activated by muscarinic re-ceptors of the M1 subtype (Klink and Alonso 1997c) which couple to G q (Felder 1995; Mullaney et al. 1996) . While much remains to be investigated with respect to I NCM channels (including their potential permeability to Ca 2ϩ ), the preceding elements suggest the possibility that I NCM may be related to the trp gene family, which would open interesting perspectives on the roles of the members of this group in neuronal function (Li et al. 1999) .
Concluding remarks
In the present study, we have demonstrated that an important mechanism of muscarinic depolarization in EC layer-II neurons is the activation of a "noisy" nonspecific cation current that we refer to as I NCM . This current behaves linearly in the subthreshold range of membrane potentials, and the activation of I NCM channels combined with the block of a K ϩ conductance brings the cells toward firing threshold without necessarily causing a major change in input conductance. On the one hand, this membrane depolarization alone facilitates the expression of the intrinsic subthreshold oscillatory activity typical of most EC-layer II neurons and the generation of persistent activity (Klink and Alonso 1997b). On the other, the association of muscarinic depolarization with enhanced membrane fluctuations brought about by I NCM channel noise would also facilitate oscillatory dynamics (White et al. 1998 ) as well as improve signal detection and firing reliability (Mainen and Sejnowski 1995; Tang et al. 1997a) , thereby potentially contributing to the memory function of the EC.
